EV71) causes serious diseases in humans. The aim of this study was to examine the effects of aurintricarboxylic acid (ATA) on EV71 replication and to explore the underlying mechanism.
Introduction
Enteroviruses are members of the family Picornaviridae, which has 70 serotypes including poliovirus (types 1, 2 and 3), coxsackievirus A (A1-22 and A24), coxsackievirus B (B1-6), echovirus (1 -21 and 24-33) and enterovirus (68-71, 73 -78 and 89 -91). 1 Among the enterovirus strains, enterovirus 71 (EV71) may cause aseptic meningitis, encephalomyelitis or even acute flaccid paralysis similar to paralytic poliomyelitis that is also caused by poliovirus infection. 2 Currently, no specific antiviral agents are available for the treatment of EV71.
Enterovirus consists of a single-stranded, positive-sense RNA of 7500 nt. 1 Upon infection, the internal ribosome entry site (IRES) element in the 5 0 -untranslated region (UTR) drives the translation of the viral processor polyprotein. This polyprotein, encoded as NH 2 -VP4-VP2-VP3-VP1-2A-2B-2C-3A-3B-3C-3D-COOH, is then proteolytically cleaved by viral 2A and 3C proteases to form various structural and non-structural viral proteins. 1 Many important stages during the viral life cycle have been considered as potential molecular targets for development of antiviral agents. 3, 4 Virus-encoded proteases and polymerases have been the most prominent targets of consideration for antiviral drug development. Success in the development of antiviral agents against several viruses, including HIV and hepatitis B virus (HBV), has established that virus-encoded proteases and polymerases are valid drug targets for these viruses.
# The Author 2010. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved. For Permissions, please e-mail: journals.permissions@oxfordjournals.org J Antimicrob Chemother 2010; 65: 676 -683 doi:10.1093/jac/dkp502 Advance publication 20 January 2010 A group of polyanionic compounds including aurintricarboxylic acid (ATA) has been shown to be effective in inhibition of several viruses in cell culture. 5 ATA was reported to inhibit the adsorption, and thus block the replication of HIV by interfering with the interaction between viral envelope glycoprotein (gp120) and the CD4 receptor on the cell surface. 6 ATA has also been demonstrated to inhibit the replication of several RNA viruses, such as HIV, 7, 8 vesicular stomatitis virus, 9, 10 SARS coronavirus (SARS-CoV) 11, 12 and influenza virus. 13 Very recently, ATA has been reported as a replicase inhibitor of hepatitis C virus (HCV). 14 In the present study, we examined the effect of ATA on the inhibition of the replication of EV71 virus. Results indicate that ATA mitigates EV71-induced cytopathic effects (CPEs) in Vero cells. Additionally, ATA inhibited the elongation activity of the viral 3D RNA-dependent RNA polymerase (RdRp).
Materials and methods

Cell culture
Vero cells (African green monkey kidney cells, ATCC accession no. CCL-81) were grown in modified Eagle's medium (MEM; Gibco). Rhabdomyosarcoma cells (RD cells, ATCC accession no. CCL-136) and COS-7 cells (African green monkey kidney cells, ATCC CRL-1650) were grown in Dulbecco's modified Eagle's medium (DMEM). All media were supplemented with 10% fetal bovine serum (FBS; Gibco), 100 U/mL of penicillin and streptomycin, and 2 mM L-glutamine.
Virus isolation and propagation
EV71 (TW/4643/98 and TW/2231/98) viruses were provided by the Clinical Virology Laboratory of Chang Gung Memorial Hospital (Linkou, Taiwan). Viruses were amplified by using RD cells. Virus titre was determined by a plaque assay using Vero cells.
Neutralization test
To measure the potential of ATA to inhibit the CPE of the enterovirus strains, 96-well tissue culture plates were seeded with 200 mL of 1Â10 5 RD cells/mL in DMEM with 10% FBS. After cells were incubated for 18-24 h at 378C, virus at 100Â the TCID 50 (50% tissue culture infectious dose) mixed with different concentrations of ATA was added to the cells. After 1 h of viral adsorption, the infected cells were overlaid with 50 mL of DMEM and 0.5% DMSO and incubated at 378C for 72 h. At the end of the incubation, the cells were fixed with formaldehyde and stained with 0.1% Crystal Violet as described previously. 15 The concentration required for the tested compound to reduce the CPE of the virus by 50% (IC 50 ) was determined.
Plaque assay
The plaque assay was performed in 6-well plates containing 90% confluent Vero monolayer cells. The cells were inoculated with enterovirus at a titre of 50 -100 pfu per well of cells. After 1 h incubation at 358C, the infection media were aspirated off and each well was then covered with 3 mL of agar overlay medium containing various concentrations of compounds and incubated for 2 days at 358C in a CO 2 incubator. At the end of the incubation, the cells were fixed with formaldehyde and stained with 0.1% Crystal Violet as described previously. 15 The concentration required for ATA to reduce the number of plaques by 50% (EC 50 ) was then determined.
Virus yield assay
Vero cells were infected with EV71 at a multiplicity of infection (moi) of 10 and various concentrations of compounds were added into the cell culture media. After 12 h, the culture media and cell lysates were collected following freeze-thaw cycles and then subjected to virus titration by plaque-forming assay as described previously. 15 
Time of addition experiment
In the time of addition experiment, Vero cells were infected with enterovirus (100 pfu/well) and incubated in E2 medium and, at specified timepoints before or after infection, ATA was added at 80 mM. At 10 h post-infection (hpi), the cells were rinsed with PBS to remove the drugs and the culture medium overlay without drug was applied to detect the viral infectivity by plaque assay. 16 
Bi-cistronic expression assay
The pRHF-EV71-5 0 -UTR, containing the EV71 5 0 -UTR between Renilla and firefly luciferase genes, was used to evaluate the IRES-dependent translation of EV71. 17 The bi-cistronic plasmid was transfected into RD cells (1Â10 5 cells/well in a 24-well plate) and the OPTI-MEM medium was replaced with E2 medium with or without ATA treatment 5 h posttransfection. After 48 h, cell lysates were collected and analysed to determined Renilla (RLuc) and firefly (FLuc) luciferase activity using a dual-luciferase reporter assay (Promega Corp., Madison, WI, USA), following the manufacturer's instructions.
2A protease in vivo activity
Plasmids encoding the 2A viral protease (pFLAG-CMV2-2A) or the 2A viral protease with a single point mutation (C110S) [pFLAG-CMV2-2A (C110S)] and a reporter plasmid, pRL-SV40, harbouring Renilla luciferase under the control of the SV40 early enhancer/promoter region, were co-transfected into Vero cells (1Â10 5 cells/well in a 24-well plate) and the OPTI-MEM medium was replaced with E2 medium with or without ATA treatment 5 h post-transfection. After 48 h, cell lysates were collected and analysed to determined RLuc activity using a Renilla luciferase assay system (Promega Corp.), following the manufacturer's instructions.
In vivo activity assay of 3C protease COS-7 cells were seeded in a 24-well plate at 6Â10 4 cells per well and incubated at 378C overnight for transient transfection. COS-7 cells were co-transfected with the following combinations of plasmids: (i) pBAK8-MTEGFP-GAL4-SEAP only; (ii) pBAK8-MTEGFP-M3VP16 only; (iii) pBAK8-MTEGFP-GAL4-SEAP and pBAK8-MTEGFP-M3VP16; (iv) pBAK8-MTEGFP-GAL4-SEAP and pBAK8-MTEGFP-M3-3C-VP16; and (v) pBAK8-MTEGFP-GAL4-SEAP and pBAK8-MTEGFP-M3-3Cmut-VP16. pCMV-GAL as an internal control was co-transfected with each expression vector. At 48 h post-transfection, the secreted alkaline phosphatase (SEAP) activity of the culture medium was measured by using a Phospha-Light assay kit (Tropix, Foster City, CA, USA). The chemiluminescence was detected using a TopCount Microplate Scintillation and Luminescence Counter (Packard, Meriden, CT, USA). AG7088 was a gift from J. M. Fang (National Taiwan University, Taipei, Taiwan). 18 
Detection of viral RNA in EV71-infected cells
A total of 5Â10 5 Vero cells were seeded into 6-well plates to reach confluence and then challenged with virus (moi ¼1). Total RNA was extracted from cells using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Following phenol-chloroform extraction and isopropanol precipitation, the Inhibition of enterovirus 71 replication and the viral 3D polymerase 677 JAC RNA pellet was washed, dried and dissolved in 20 mL of RNase-free water. RT-PCR amplifications were carried using a Reverse-iT One Step Kit (Abgene, Epsom, Surrey, UK). Each PCR used the following protocol: 30 min at 428C; 5 min at 948C; then 35 cycles of 948C for 30 s, 608C for 30 s and 728C for 1 min; and an additional 15 min for elongation in the last cycle. RT-PCR products were examined by electrophoresis on 1% agarose gels by loading 3 mL in each gel well. The sequences of the primers used for RT-PCR were as follows: 5 0 -GGAGATAGGGTGGCAGA TGTGATTG-3 0 (genomic position: 2339-2463 of TW/2272/98); and 5 0 -GAGAGTGGTAATTGCTGTGCG-3 0 (genomic position: 3309 -3329). 19 
3D polymerase elongation assay
The determination of the expression of EV71 3D polymerase and the polymerase elongation assay were performed as described previously. 15 RNA polymerase assays were performed with 1 U of the 3D polymerase in 50 mM HEPES, pH 7.5, 10 mM 2-mercaptoethanol, 5 mM MgCl 2 , 60 mM ZnCl 2 , 500 mM UTP, 0.4 mCi/mL [a-32 P]UTP, 1.8 mM dT 15 /0.15 mM poly(rA) 300 (primer/template) and various concentrations of ATA. Reactions were incubated for 10 min at 308C and stopped by the addition of EDTA to 83 mM. An aliquot of 10 mL of the quenched reaction was spotted onto DE81 filter paper discs (Whatman) and dried at room temperature. The discs were washed three times for 10 min in 5% dibasic sodium phosphate and were rinsed in absolute ethanol. The radioactivity of the sample was quantified in 1.5 mL of scintillation fluid. Data points are the means+SD of triplicate determinations.
Results and discussion
ATA inhibits EV71 replication
We have previously shown that a number of agents can inhibit the replication of EV71. 15,19 -26 In this study, we found that EV71 replication can also be inhibited by ATA. In the antiviral neutralization test, Vero cells seeded in 96-well plates were all lysed at 64 h after EV71 infection as shown in the VC (virus control) column in Figure 1 (a). Without virus infection, ATA did not cause apparent cell lysis at concentrations up to 1000 mM (row 1, Figure 1a ). When EV71-infected cells were treated with ATA at various concentrations, ATA showed effects on the protection of lysis of Vero cells in a dose-dependent manner (rows 2 -4, Figure 1a , experiments in triplicate). Subsequently, the effect of ATA was further confirmed using the plaque reduction and viral yield reduction assays. In the plaque reduction assay, Vero cells were infected with EV71 (TW/2231/98) at a titre of 50-100 pfu per well of cells in 6-well plates. After virus adsorption for 1 h, ATA was added to Vero cells at various concentrations. Hung et al.
ATA dose-dependently reduced the number of pfu (Figure 1b) . The EC 50 of ATA, as measured using the plaque reduction assay, was 2.9 mM. The CC 50 (cytotoxic concentration at which 50% of cell viability was inhibited) of ATA in Vero cells was 211 mM as determined by MTS assay (data not shown). 27 Therefore, the selective index (SI¼ CC 50 /EC 50 ) of ATA ranged from .3 to .75 based on different assays. 28 The effect of ATA on the yields of viral progeny in EV71-infected cells was also assessed. In this experiment, Vero cells were infected with EV71 (TW/2231/98) at an moi of 10 accompanied by treatment with ATA at various concentrations. At 12 hpi, viral progeny present in cell culture media and cell lysates were harvested, pooled and then analysed for viral titres using a plaque assay. As shown in Figure 1(c) , ATA treatment substantially reduced the titres of EV71 viral progeny produced in infected cells. When cells were treated with ATA at 16 mM, a decrease in viral yield of .60% was evident. The declines in viral yields were 97% and 99% when ATA was applied to treat the virus-infected cells at 64 and 250 mM, respectively. These results showed that ATA could effectively reduce the production of viral progeny in EV71-infected cells. Different EC 50 values in different assays were noted, and this may be due to the fact that different infection conditions, such as the moi, were employed in different assays.
ATA acts during the early stage of EV71 replication
To understand the mechanism of ATA's anti-EV71 activity, a time of addition experiment was conducted. ATA (80 mM) was added to Vero cells at different timepoints before (T 21 : 1 h before virus infection) or after virus infection (T 0 , T 1 , T 3 , T 5 , T 7 and T 9 : 0, 1, 3, 5, 7 and 9 h after virus infection, respectively). Then, culture supernatants were removed for determination of the virus yields after approximately one viral replication cycle. 16 The yields of viral progeny were normalized based on the vehicle control (same volume of DMSO added at T 0 ). In Figure 2 , at T 21 and T 1 , upon ATA treatment, the viral yields in the EV71-infected cells were reduced by 60%. The antiviral effects of ATA started to decrease when ATA was added after the T 3 timepoint. When the EV71-infected cells were treated with 120 mM ATA, a similar phenomenon was observed. Therefore, ATA's anti-EV71 activity was most prominent when it was applied during the early stage of the EV71 replication cycle. Overall, the time of addition experiment indicated that ATA exerts its antiviral effects during the earlier events in the virus replication cycle but not at the viral absorption stage. However, the exact underlying mechanism of inhibition of EV71 by ATA needs further clarification. In this study, we experimentally examined the effects of ATA on the following key steps involved in virus replication: (i) translation of the IRES-mediated viral polyprotein; (ii) the proteolytic activity of viral proteases 2A and/or 3C; and (iii) the viral 3D RdRp elongation activity.
ATA does not affect IRES-driven translation
To examine if ATA interferes with the IRES-mediated translation, a bi-cistronic expression system containing the IRES of EV71, i.e. pRHF-EV71-5 0 -UTR or pRHF-EV71-5 0 -UTR-AS (i.e. the antisense EV71 5 0 -UTR), was employed. 17 As shown in the upper panel of Figure 3(a) , the IRES-directed translation initiation efficiencies would be reflected by the ratio of RLuc and FLuc levels. The bi-cistronic plasmid was transfected into RD cells and then cell lysates were collected at 48 hpi and analysed to determine the RLuc and FLuc activity. No significant decrease in IRES-mediated translation was observed in the presence of ATA even at concentrations up to 118 mM (Figure 3a) . Thus, these results indicated that ATA does not affect the IRES-mediated translation.
ATA does not affect 3C and 2A protease activity
We then examined if ATA interferes with the effect of 2A protease in Vero cells using a method described in previous studies. 29, 30 Cells were co-transfected with a reporter plasmid, pRL-SV40, harbouring Renilla luciferase, and the plasmid pFLAG-CMV2-2A encoding the 2A viral protease or, as a control, plasmid pFLAG-CMV2-2A (C110S) encoding an inactive 2A protease with a single point mutant (C110S). As shown in Figure 3(b) , there was an 80% decrease in the Renilla luciferase signal in the cell lysates with 2A protease expression as compared with those with inactive 2A protease. When cells were treated with ATA, at concentrations up to 200 mM, there was no restoration of the reporter signal in Vero cells co-transfected with the reporter plasmid and the 2A expression plasmid (Figure 3b ), indicating that ATA does not inhibit the activity of EV71 viral 2A protease.
To examine if ATA inhibits the viral 3C protease, we employed the mammalian cell-based reverse two-hybrid system for functional analysis of 3C viral protease activity of EV71 as described in a previous study. 18 As shown in the upper panel of Figure 3 (c), the proteolytic activity of EV71 3C protease was monitored in a cell culture system based on the reverse two-hybrid system. When M3 and the VP16 domains were separated by Inhibition of enterovirus 71 replication and the viral 3D polymerase 679 JAC self-cleavage of 3C, the M3-3C-VP16 failed to turn on SEAP expression in the cells. In contrast, the co-expression of GAL4-SEAP and M3-3C mut -VP16 gave rise to high levels of SEAP enzymatic activity in the culture supernatant of transfected cells while only a background level of SEAP activity was detected in the culture supernatant of cells co-expressing GAL4-SEAP and M3-3C-VP16. The level of SEAP activity in the culture supernatant of cells co-expressing GAL4-SEAP and M3-3C-VP16 was significantly enhanced with the treatment with a known 3C protease inhibitor, AG7088, showing that the assay can be used to monitor the activity of 3C protease inhibitors. No increase of SEAP activity was seen even when transfected cells were treated with ATA at concentrations up to 300 mM (Figure 3c ). Thus, ATA does not interfere with viral 3C protease activity as revealed in the cell-based protease activity assay.
ATA reduces EV71 viral RNA synthesis and inhibits EV71 3D RdRp activity
To examine the effect of ATA on the synthesis of EV71 RNA, we treated the virus-infected cells with ATA and then the viral RNA in cells was analysed using RT-PCR. As shown in Figure 4 (a), Hung et al.
while no RT-PCR product was detected in cells harvested at 7 hpi, the bands corresponding to the RT-PCR product became prominent for the cell lysates harvested at 9, 11 or 13 hpi. In the presence of ATA at 80 or 120 mM, the levels of the RT-PCR products were greatly reduced. The results suggested that ATA can slow down the viral RNA synthesis at early stages after a single round of viral replication in EV71-infected cells.
To examine if the reduced viral RNA synthesis upon ATA treatment was due to the ability of ATA to inhibit EV71 3D polymerase (RdRp), the RdRp enzymatic activity was measured as described by detecting the amount of 32 P-labelled uridine monophosphate (UMP) incorporated into poly(U) RNA in the presence of a poly(A) template and oligo(dT) primers. 15 The rate of UMP incorporation of recombinant EV71 3D RdRp in the presence of 5% DMSO (the vehicle used for dissolving ATA) was employed as a control. In the presence of ATA, UMP incorporation into the RdRp reaction products was clearly inhibited (Figure 4b ). When ATA was added to the RdRp reaction at concentrations ,0.2 mM, no inhibition was observed. However, ATA began to inhibit RdRp activity at 0.8 mM. At 12.0 mM, ATA reduced the RdRp elongation activity by almost 90% of the control and the IC 50 was estimated to be 6.3 mM. Thus, the results suggested that ATA inhibits the 3D RdRp encoded by EV71.
In summary, ATA is a unique compound that has a pleiotropic effect on cellular functions. 31 -34 The broad-spectrum antiviral activity of ATA is summarized in Table 1 . 34 Several previous EC 50 values were determined using cell-based assays.
Inhibition of enterovirus 71 replication and the viral 3D polymerase 681 JAC studies have described ATA as an inhibitor of polymerase. 11, 14 In addition, Yap et al. 11 reported the mechanisms of binding of ATA to the RdRp of SARS-CoV and other positive-stranded RNA viruses by a molecular docking method. Recently, Chen et al. 14 also reported that ATA was an NS5B replicase inhibitor of HCV. Results in this study demonstrated that ATA is able to effectively inhibit EV71 replication through the inhibition of the elongation activity of the virus-encoded 3D polymerase (RdRp). It is noteworthy that the inhibition of EV71 by ATA may not be due solely to RdRp inhibition, and further investigations are needed to explore if ATA also affects other viral or cellular functions that are important for EV71 replication. Overall, results from this study will prove to be important for the development of more potent agents against EV71.
